Abstract. Carcerands are 'closed-surface, globe-shaped compounds with enforced hollow interiors' (ref. 1) that imprison template molecules during shell closure. Hemicarcerands possess holes in their shells which, while they do not prevent the isolation and characterization of complexes ('hemicarceplexes'), do allow entry and departure of guests (ref, 2). Space-filling models have guided the design of these molecules, and a number of the designs have been confirmed by X-ray crystal structure analysis. However, the nature of the host-guest interaction is seldom established by the crystal structure, presumably because of thermal or static disorder of the guest and/or external solvent molecules. While the presence of the guest, and its motional state, can be determined by other methods, the size and shape of the cavity and its relationship to the guest may be more completely described by the molecular models or the related, more quantitative, atomatom potentials (ref.
INTRODUCTION
In this paper we describe three hemicarceplexes and three velcraplexes with especial reference to the complementarity of the complexing partners. The molecular coordinates of the molecules presented here come from crystal studies which are fraught with crystallographic problems. All crystals must be mounted in capillaries, all contain many solvent molecules, usually disordered, and all structures are underdetermined. Our goal is to combine the methods of X-ray crystallography, molecular modeling and potential energy calculations to analyze and refine the models, and to correlate the solid-state structural results with phenomena in solution. We test here the molecular free surface area as a probe of host-guest interactions.
FREE SURFACE AREA
To estimate this quantity (ref.
3), the surface area of atom 1, determined by its van der Waals radius, is marked off in grid points. At each grid point the atoms list is scanned. If the surface of another atom, atom 2, is within a distance rincr of that point, then the point is considered 'occupied'. It is clear that only a few intermolecular contacts can be equal to the sum of the van der Wads radii; a somewhat longer 'contact' will exclude solvent molecules and also indicate a strong attractive force. The rincr value used here is 0.2 A. The 'free surface area' of an atom is equal to f.A, where f = (unoccupied grid points/ total grid points), and A is the total area. The free surface area of the molecule is the sum of the free surface areas of the individual atoms. Crystal coordinates are used; H atoms are included in calculated positions (C-H = 1.08 A).
THREE HEMICARCEPLEXES
Carcerands are 'closed' in templating solvents. Carcerands imprison their guest solvent molecules, while hemicarcerands are able to release or replace the contents of their cavities through various mechanisms. One may view these molecules as globes, made up of bowl-shaped northern and southern hemispheres, with bridging groups as spacers spanning the equator. Thus the interior space of the globe can be designed for a specific range of sizes and shapes of guests. The first example, 1, a globular molecule with [ 1.1. l]orthocyclophane units at the polar caps and three -CH2CECGCCH2-groups forming slanted bridges that cross the equator, was prepared in pyridine, and crystallized from CH2C12 (ref. 5). Hemicarceplex 2 was designed to possess a wide portal for ingress and egress of guests. It was templated around (CH3)2NCHO (other amides and (CH3)2SO also enable closure) (refs. 2, 6). Unusual chemistry, such as the preparation of cyclobutadiene from a-pyrone, has been performed in its interior (ref. 6b). The host is a globe; 'bowls' comprising the northern and southern hemispheres are joined by three -0-CH2-0-bridges at the equator. C6H5CH2CH2-'feet' were added to the polar caps to increase the solubility of the host. The molecule in the crystal sits on a 2-fold axis and the (CH3)zNCHO is therefore disordered; however, only one of the two positions of the guest may be present at any one time. It is not clear if the two possible positions are equally occupied; the positions obtained are distorted by the required symmetry. Host-guest contacts are reasonable. The interior surface area (vdW + 0.2) is reduced by 14 A2 by these contacts. The 0 atom of the guest is near to methylene H atoms of the rims of the 'bowls'. Though the guest from the crystal study looks plausible, some bonded and non-bonded distances are short, and the model can be improved by constraining the guest to ideal geometry and by further exploration of the potential energy surface. In solution, (CH3)2NCHO is rotating rapidly about all axes on the NMR time scale.
Ferrocene is beautifully incarcerated by host 3 (ref. 6a). The 'bowls' are the same as those in 2, the 'feet' that enable solution chemistry are dangling -CH2CH2CH2CH2CH3 groups, and the four equator-spanning bridges are m-CH=N-GjH&N=CH-groups; thus the host is an octaimine. The configuration of the bridges provides wide portals and a high degree of preorganization for the complexation of relatively large guests. Fig. 3 . A stereoview of 3 crystallized with ferrocene as guest; shown without H atoms, and with -CH3 groups replacing the n-pentyl 'feet'. N atoms in the bridges have been darkened.
At the present stage of refinement, the structure of 3 contains unresolved solvent of crystallization and many bonded distances that homfy the crystallographer. Yet the host and guest are clearly correct in major respects. Ferrocene's long axis coincides with that of the host, as was observed in solution. The molecule possesses a crystallographic center of symmetry, and the ferrocene perforce is also centrosymmetric (staggered). This is not the low-energy conformation for ferrocene (ref. 7) . In solution, cyclopentadienyl rings are rotating rapidly on the NMR time scale, and indeed simple potential-energy calculations suggest that the barrier to such rotation due to non-bonded interactions with the host is only about 4-8 M mol-1.
The surface area of the host is reduced by 17 A2 by contact with ferrocene (vdW+ 0.2); specifically, the guest makes contact with the C and N atoms in the -CH=N-group, methylenes of the 'bowl', and the inward-pointing bridging aryl H atoms. MM3 (ref 8) minimization gives a chemically reasonable host (without alteration in conformation); we plan to use this model to improve the crystal structure refinement. A space-filling model of the host shows a startlingly ferrocene-shaped cavity. 
THREEVELCRAPLEXES
The lock-key dimers we call 'velcraplexes' derive from monomers with large rectangular surfaces. The monomers are constructed from the 'bowl' with 'feet', as in 2 and 3; however, the four methylenes on the rim of the bowl have been replaced by o-pyrazine or quinoxaline groups (ref. 4,6a) . When four aryl H atoms edge the rim of the bowl, the monomer is an open-topped 'vase' which strongly binds solvent molecules, If the aryl H atoms are replaced by -CH3, however, the pyrazines or quinoxalines flatten out into a kite-like shape. The kite monomers react readily in organic media to produce both homo-and heterodimers with a wide range of association constants (ref. 4c).
Kite dimers have in common a monomer with four methyl groups at the rim of the bowl. Two of these methyl groups are 'up' (Fig. 4) and two are 'out'. CPK models predict, and crystal studies confirm, that the 'out' methyls and their attached dioxyaryl moieties create a complementary 'hole' for the 'up' methyls of another monomer molecule. The crystal structures of 4.4 (o-dimethylpyrazine 'wings', MePzMePz), 5.5 (dichloropyrazine, CIPz.ClPz) and 6.6 (quinoxaline, HQxsHQx) all have the usual difficulties associated with crystals of large molecules with a high proportion of solvent. However, the dimers themselves are well enough characterized to provide correlations with phenomena observed in solution. Thermodynamic parameters for complexation of the three homodimers discussed here are presented in Table  1 . The associations of the pyrazine molecules are, surprisingly, both entropy-and enthalpy-driven, while the dimerization of the quinoxaline kite, with by far the largest Ka, is entropy-opposed. The atom-atom potential energies, also shown in the table, presumably should parallel AHO. The difference between the values for MePzMePz and ClPzClPz may not be significant, but is in the wrong direction; for HQx.HQx, the potential energy is lower, as expected for a larger dimer with more inter-monomer contacts. We note that the most important interactions in the potential-energy summation are locking-methyl C-H-0 contacts, which are essentially the same for all three dimers. These energy terms are very sensitive to structural details.
AGO1
AHo/ ASOI The change in free surface area upon dimerization should give indications of both AH0 and ASO. With the very similar dimers MePzMePz (494) and ClPzClPz (5.9, the trend in surface area reduction is in the same direction as AGO. A greater reduction in free surface should mean more close contacts, and also more solvent molecules liberated, therefore stronger binding. There is no such correlation between the surface area calculation and AGO when the quinoxaline dimer 6.6 is included. The fact that the surface area reduction for 6.6 is smaller than for the weaker complexes 4.4 and 5.5 may indicate that the larger dimer (Fig. 5 ) binds more solvent molecules. The overlap of the two monomers is less complete in 6.6. Thus the change in free surface area parallels AS", at least in the pyrazine and quinoxaline dimers compared here. 
CONCLUSIONS
CPK models, originally derived from crystal structure results, have guided the design of complexing partners with a wide range of properties. The complexes presented here associate in organic media, a process which is usually entropy-opposed; some of the 'velcraplexes', however, are entropy-driven. Unless the partners are highly preorganized for complexation, crystal structures may not reflect the molecules in solution. Molecular mechanics and atom-atom potentials help to improve the models from underdetermined crystal studies, and may also help to bridge the gap between solid-state and solution phenomena. The change in free surface area of the host (or monomer) on complexation shows promise as a measure of close contact in the complex.
